The present study describes the fragmentation of the amino acid L-threonine (C 4 H 9 NO 3 ) with and without the inclusion of water influence. The fragmentation of the L-threonine molecule was theoretically studied using the Becke's three-parameter hybrid functional method by applying the non-local correlation provided by Lee, Yang and Parr (B3LYP) with the correlation consistent triple zeta basis (cc-pVTZ). The polarizable continuum model (PCM) was used to evaluate the influence of water. Fragments were selected based on data from mass spectrometry experiments. The chemical compositions of fragments were identified, and the appearance energy was calculated. Based on the obtained results, we can conclude that water affects the appearance energy, the fragment structure and the fragment formation processes.
Introduction
Amino acids (AAs) are defined as organic compounds that contain both acid and amino groups. Except for glycine, all AAs have L-and D-isomers. All proteinogenic AAs located in humans and animals are the L-form, while several D-form AAs are found in some bacteria [1] . Several L-AAs regulate key metabolic reactions that are necessary for growth and immunity. Physiological concentrations of AAs are required for the homeostasis and functions of the human body [2] . Furthermore, AAs are essential substrates for the synthesis of many biomolecules with a low molecular weight (e.g., melanin, carnosine) [3] .
As an essential amino acid, L-threonine is not synthesized in humans. Therefore, we must obtain L-threonine from food in the form of L-threonine-containing proteins. This AA is the precursor of another amino acid: Lglycine [4] . Moreover, L-threonine is necessary to synthesize the protein mucin, which is required to maintain intestinal integrity and function, as well as synthesis [5] . Lthreonine is also necessary for the stimulation of antibody production, lymphocyte proliferation, and apoptosis inhibition [6] .
All living organisms are constantly affected by ionizing radiation emitted by natural sources such as cosmic rays and radionuclides contained in rocks from the Earth, air, food, and water. Furthermore, radiation exposure also occurs during medical procedures. For example, X-rays are used to evaluate the condition of teeth, broken bones, tumours and foreign bodies, whereas gamma rays are used to treat cancer. Low-energy (secondary) electrons are produced due to the interaction of X-rays and gamma rays with biomolecules. These low-energy electrons cause chemical and biological damage to bioorganic molecules, including AAs, e.g., threonine [7] .
The ionization of L-threonine due to electrons in vacuum has been theoretically and experimentally researched by Farajmand and Bahrami [8] . The researchers calculated the enthalpies of L-threonine, its isomers and the products of their fragmentation. The dominant peak in the mass spectrum of L-threonine isomer fragments that they measured is at the mass of m/z=57. The abovementioned authors published all fragments that had the same mass (e.g., m/z=57) but different chemical compositions (e.g., C 3 H 7 N, C 2 H 3 NO) without considering which fragment is most likely to form [8] . Serafin et al. researched the formation of fragment with m=18 a.m.u. (water) in the gaseous phase due to the collision activated dissociation (CAD) of protonated threonine [9] . The results of their research showed differences in the abundances of the identical ion fragments. These differences depend on the structures of diastereomers. The formation patterns of the fragments depend on the collision energy. Hence, an analysis by Serafin et al. revealed that the appearance energy of fragments depends on the conformation of L-threonine. Previously, far too little attention has been paid to evaluating the most likely fragments in the L-threonine process. Therefore, we decide to investigate which fragments with the same mass but different compositions and which formation processes of these fragments are the most likely.
Water molecules are the most prevalent chemical component in cells, accounting for approximately 70% of weight of cell's weight. Most biochemical reactions and biophysical processes take place in water [10] . The solvent (water) strongly affects the structure of AAs [11] . In the gaseous phase, AAs exist in the canonical form, whereas zwitterionic conformers are predominant in water [12] . The zwitterionic forms of AAs have both a positively charged protonated amine group (-NH + 3 ) and a negatively charged deprotonated carboxyl group (-COO − ) [11] .
Ren and Kresin [13] researched diglycine and polyglycine fragmentation in the gaseous phase and inside He nanodroplets with and without embedding with water. The authors determined that the fragmentation of diglycine and polyglycine molecules is greater and occurs with the same process as in the gaseous phase if water is not embedded in the He nanodroplets. The abovementioned authors noted that fragmentation of larger (tetraglycine) peptides in water greater than that of smaller (diglycine) peptides [13] . Overall, water affects the fragmentation of peptides. On the other hand, to our knowledge, no previous studies have investigated the influence of water on free amino acid fragmentation. Due to this reason, the aim of this research is to determine whether the appearance energies, as well as the structure and fragment which mass are m=27 a.m.u., 30 a.m.u., 45 a.m.u., 56 a.m.u., 57 a.m.u., 74 a.m.u. and 75 a.m.u. formation processes, differ between conditions with and without the influence of water included.
We choose these mass fragments because the strongest peaks in the mass spectrum of L-threonine correspond to these mass [8, 14] .
It should be emphasized that the purpose of this research was to study L-threonine fragment production with and without the influence of water only after ionization by radiation exposure and not to study the other processes (e.g., electron interaction with medium) that could occur.
The paper is organized as follows. In Section 2 we explain the method of computation. The results of the research are given in Section 3. Finally, the conclusions of our study are presented in Section 4.
Methods
Several structures and fragments of the L-threonine molecule were studied by the Becke's three-parameter hybrid functional applying the non-local correlation provided by the Lee, Yang and Parr (B3LYP) [15] method, which is a representative standard density functional theory (DFT), along with the correlation consistent triple zeta basis (cc-pVTZ) [16] . We have used the abovementioned theoretical methods while studying the fragmentation of other AAs, such as proline, tryptophan and asparagine, induced by low-energy electrons [17] [18] [19] . The results of theoretical research correspond to the experiment results, indicating that the abovementioned methods are appropriate for studying the fragmentation of AAs.
It is well known that the absolute configuration of AAs (L-or D-isomers) is defined with reference to glyceraldehyde. In this study, we investigated only proteinogenic Lthreonine. Thus, the orientation of the -NH 2 group was chosen first. Second, the orientations of the R =-CH(OH)-CH 3 side chain, Cα-COOH and C β -OH bonds were examined. The abovementioned side chain and the -COOH and -OH groups were rotated clockwise every 20 degrees, and twenty-nine different conformers were designed. To predict the most stable structures, we applied the DFT B3LYP method with the cc-pVTZ basis to obtain the total energy of each designed conformer. The geometry of the conformers was optimized without any symmetry restrictions until the equilibrium point was reached. The vibration frequencies of each conformer were investigated to ensure that the real equilibrium point was obtained. The total energies of the conformers at their equilibrium point were compared, and the three conformers possessing the lowest total energy were named the most stable conformers and chosen for further investigation of fragmentation by low-energy electrons.
The bond lengths and bond order of the L-threonine molecule conformers were analysed to identify the weakest bonds, which are most likely to be cleaved. 'Weakest bond' means that after ionization of the molecule, the bond length increases, while the bond order decreases [20] . The ionization energy (IE) was also researched. IE was calculated as the difference in the energy between the positively charged L-threonine molecule and a neutral one [21] . We also determined the chemical composition of fragments. The appearance energy of the positively charged fragments, E ap, was calculated as follows: where E Thr is the total energy of the neutral L-threonine molecule and E i is the total energy of all fragments that are produced. It is predicted that fragments for which the appearance energy is the lowest are the most likely to form. In some cases, the appearance energy of fragments with the same mass but different chemical compositions is very similar. To determine which fragment product is more probable, we calculated the binding energy per atom. The binding energy per atom was calculated as follows:
where E fragm. -fragment energy, E i -energy of the atom of the fragment's chemical element, and n all -number of atoms in the fragment. The more stable the fragment is, the higher the binding energy per atom is present. Detection of a more stable fragment in experiments is more probable. The amount of energy required to form positively charged fragments when the other fragment formed during the same reaction was positive or negative, or neutral, were calculated, i.e., the reactions of a dissociative ionization, dipolar dissociation, dissociative electron attachment, etc. were studied to determine the reaction pathways that were energetically most likely. The most likely fragmentation reactions of L-threonine were determined according to the lowest appearance energy of the fragments of the above processes. It is predicted, that the most likely reactions are those that require the least amount of energy to produce fragments. Zero point corrections were taken into account.
As mentioned above, the strongest peaks in the mass spectrum of L-threonine correspond to m=27 a.m.u., 30 a.m.u., 45 a.m.u., 56 a.m.u., 57 a.m.u., 74 a.m.u. and 75 a.m.u. [8] and [14] . In some cases, the theoretically calculated energy required for the appearance of fragments was lower/higher than expected after analysing peaks intensity in experimentally measured mass spectra. Therefore, we calculated the Gibbs free energy of the reactions during which the fragments formed [22] .
The polarizable continuum model (PCM) method was used to evaluate the influence of a solvent (water) [23] .
Mass spectrometry data on the positively charged Lthreonine fragments available in the National Institute of Standards and Technology (NIST) (without the inclusion of water effects) database [14] and the article by Farajmand and Bahrami [8] were used during this study to select the most probable fragments produced. We emphasize that NIST database does not provide information on the chemical composition of fragments.
In the research, the Gaussian 03 Rev D.01 [24] , Gaussian 09 Rev D.01 [25] and Molden [26] programs were used. The GIMP program [27] was used to create the pictures.
Results
The views of the most stable L-threonine canonical conformers and the numbers of atoms used in this paper are presented in Figure 1 . Further, we use the 'C' index after the number of a conformer (i.e., IC, IIC and IIIC) to indicate canonical conformers.
It is necessary to mention that the structure of the most stable threonine conformers was identified previously. Conformers in which the orientation of the side chain R = -CH(OH)-CH 3 and the bonds Cα-NH 2 , Cα-COOH and C β -OH are similar represent the same conformers.
Zhang and Lin determined 71 different threonine conformers. The eight most stable of these conformers were published in [28] . Some conformations of L-threonine identified by Zhang and Lin [28] are similar to the most energetically favourable conformers, IC, IIC and IIIC, that we have identified. Farajmand and Bahrami found six lowest energy conformers of L-threonine [8] . Regardless of the fact that we used the DFT B3LYP method with the ccpVTZ basis, whereas Farajmand and Bahrami applied the second-order Møller-Plesset (MP2) perturbation theory/6-311G basis set with the inclusion of the (d,p) polarization and diffusion functions (6-311++G(d,p)) method, the most stable L-threonine conformers identified in this paper (IC, IIC and IIIC) are similar to conformers identified by Farajmand and Bahrami [8] . Alonso et al. determined the ten L-threonine conformers with the lowest energy [29] . The authors used the MP2/6-311++G(d,p) method, which is the method that was used by Farajmand and Bahrami. Seven structures were identified by Alonso et al. experimentally using rotational spectroscopy in combination with molecular beam and laser ablation (laser-ablation molecularbeam Fourier transform microwave (LA-MB-FTMW) spectroscopy). The most stable L-threonine conformers, IC, IIC and IIIC, are similar to the conformers identified by Alonso et al. [29] . Therefore, the most stable conformers of Lthreonine that we have identified match those identified by the other authors despite the small number of conformers that we have investigated.
If the water influence is included, the main structural differences in L-threonine (positions of hydrogens of the carboxyl and amine groups) disappeared. However, six zwitterionic conformers of L-threonine were designed and investigated. The comparison of total energy obtained with the influence of water allows us to choose the most stable zwitterionic conformers of L-threonine. The view of the most stable L-threonine zwitterionic conformer and the numbers of atoms used in this paper are presented in Figure 2 . Further, we use the 'Z' index after the number of a conformer (i.e., IIZ) to indicate that the zwitterionic conformer was investigated.
The total energy and the IE of the IC, IIC, IIIC and IIZ L-threonine conformers are presented in the Table 1 .
The total energy and the IE of the IC, IIC, IIIC and IIZ L-threonine conformers in the presence of water are presented in the Table 2 .
According to our results for total energy (Table 1) , the IIC conformer is predominant in vacuum. The zwitterionic L-threonine conformer is predominant when the influence of water is included, as indicated by the comparison of the total energies of the investigated compounds. The total energy of the IIZ conformer is lower than that of IC, IIC and IIIC in investigations performed with the influence of water included. As mentioned above, the ionization energy (IE) was also investigated. The obtained results can be summarized as follows: the IE of the IC-IIIC conformers varies from 9.77 eV to 9.85 eV, whereas that of the IIZ conformer is 9.69 eV ( Table 1) . The IE calculated with the influence of water included varies from 10.71 eV to 10.75 eV for the IC-IIIC conformers and is equal to 10.82 eV for the IIZ conformer (Table 2) . We compared the IE calculated for canonical conformers in vacuum with the experimentally measured ionization energy of 10.2 eV, which was taken from the NIST database [14] . Our calculated IE values also compared with the values of IE calculated by Sarkar and Kronik (~9.47 eV when using the B3LYP method and~10.05 eV when using the BHLYP method) [30] . Our calculated IEs match with those Sarkar and Kronik calculated and experimentally measured IEs from NIST. According to our research results (Tables 1, 2 ), the ionization energy of the L-threonine conformers is lower in vacuum, i.e., the fragment appearance energy in water could be higher. The bond lengths and bond orders of the neutral and ionized canonical conformers of L-threonine are listed in Supplementary materials (Tables S1 and S2 ). The weakest bond is C2-C4. After ionization of the molecule, the length of this bond increases while the bond order decreases.
Other bonds of conformers IC, IIC and IIIC that tend to break are as follows: C4-N5 and C6-O8. It important to note that some fragments are formed when several bonds are broken, which could be a consequence of the cleavage of the abovementioned bonds.
L-threonine fragmentation in vacuum
The strongest peaks in the mass spectrum of L-threonine mostly correspond to m=27 a.m.u., 30 a.m.u., 45 a.m.u., 56 a.m.u., 57 a.m.u., 74 a.m.u. and 75 a.m.u. [8] and [14] . Fourteen chemical compositions of the abovementioned fragments are found. Below, we present our calculated appearance energies (in eV) required for the formation of fragments from the IC, IIC and IIIC conformers of Lthreonine in vacuum and from the IIZ conformer of Lthreonine (with the influence of water included) ( Table 3 It was determined that the cation with m=27 a.m.u. is C 2 H + 3 . This fragment (see Table 3 ) is produced when the molecule of L-threonine is split into a pair of ions according to the following reaction: Based on the appearance energies required for the formation of these fragments ( (8), is more probable than the other processes. Another strong peak in the mass spectrum of Lthreonine positive fragments [8, 14] is at m=74 a.m.u. According to the authors [8] ) is related to the migration of the atom H12 to the atom C4 (see reaction (13) ). This conclusion allows us to predict that the peak at the mass of m=74 a.m.u. would be stronger than the peak at the mass of m=75 a.m.u.; this prediction contradicts the experimental measurement of a stronger peak at the mass of m=75 a.m.u. [8, 14] than at the mass of m=74 a.m.u. Thus, the assumption was made that the m=75 a.m.u. fragment can form from the m=74 a.m.u. fragment.
Thus, we calculated the Gibbs free energy (Table 4 ) of reactions (15) and (16) .
According to our results (Table 4) , reactions (15) and (16) are exergonic, i.e., progress spontaneously in the forward direction. Comparison of the appearance energy (Table 3) and Gibbs free energy ( Table 4 
L-threonine fragmentation under the influence of water
As mentioned above, experimental data [31] show that the canonical conformers of L-threonine transform into the zwitterionic forms, i.e., the amine group (-NH 2 ) is protonated, while the carboxyl group (-COOH) is deprotonated when water influence is included. Our results are in line with those of previous studies.
The view of the most stable neutral zwitterionic IIZ conformer of L-threonine (Figure 2 ) and the bond lengths and orders of the neutral and ionized IIZ conformer (Table  S3 in Supplementary materials) are presented.
Furthermore, we calculated the Gibbs free energy for reactions (15) (16) in water (Table 4) . We also present the main differences between the fragmentation of Lthreonine with or without the influence of water. Section 3.1 describes which fragment of each mass (m=27 a.m.u., 30 a.m.u., 45 a.m.u., 56 a.m.u., 57 a.m.u., 74 a.m.u. and 75 a.m.u.) is the most probable in vacuum. Therefore, in this section, only differences in the most likely cation structures and the fragmentation reactions during which these structures are formed in vacuum and water are presented. Moreover, the differences in the fragment C 3 H 9 NO + (m=75 a.m.u.), which forms when C 3 H 8 NO + (m=74 a.m.u.) attaches a H 0 atom, are described in vacuum and in water. According to our research results (Tables S1, S2 and S3 in Supplementary materials), the O8-H9 bond is specific to canonical conformers, while the N5-H9 bond is specific to the IIZ conformer. The weakest bond of the IIZ conformer of L-threonine is C2-C4. Other weak IIZ bonds are C4-N5 and C6-O8. As mentioned above, the same bonds (C2-C4 and C4-N5, C6-O8) are also the weakest bonds in the IC, IIC and IIIC conformers of L-threonine. The fact that the same bonds are the weakest in both the canonical and zwitterionic structures of L-threonine explains why fragments with the same chemical composition are the most likely in vacuum and water.
The Gibbs free energy that we calculated for reactions (15) and (16) is presented. Based on our results (Table 4) , in water, reactions (15) and (16) .Thus, the medium can affect not only the appearance energy but also to the geometry of Lthreonine fragments. We further use the term 'canonical fragment' to indicate that this fragment can form as a result of the fragmentation of a canonical conformer of L-threonine and use the term 'zwitterionic fragment' for a fragment that can form due to the fragmentation of a zwitterionic conformer. We have investigated the possibility of transforming the canonical fragments into zwitterionic fragments and vice versa in vacuum and in water. Our research results are presented below.
Based on these results (Tables 5), In this paper, the formation differences between Lthreonine fragments in vacuum and in water are classified into types I, II and III, depending on the migration of the hydrogen atom. In the first case, migration of the H atom occurs only in vacuum (type I). In the second case, only chemical bonds rupture without migration of the H atom in vacuum an in water (type II). In the third case, migration of the H atom occurs both in vacuum and in water (type III The results of our research show that in some cases, the same fragments are produced during different fragmentation reactions in vacuum and in water. Below, we present the different ways to produce the same mass fragments via IIC conformer fragmentation in vacuum and via IIZ conformer fragmentation in water. We observed that the m=30 a.m.u. (CH 4 N + ) fragment forms due to the cleavage of the C2-C4, C4-C6 and C2-H12 bonds of L-threonine and migration of the H12 atom to the C4 atom (see reaction (2) ). This cation can form due to rupture of the same chemical bonds, without detachment of H12 when IIZ decomposes. We also noticed that the m=56 a.m.u. (C 2 H 2 NO + )
positive ion is produced when the weakest C2-C4 bond and the C4-H11 and C6-O8 bonds of L-threonine rupture (see reaction (5)). On the other hand, cleavage of the bond N5-H9 has to occur as well in order for this fragment to form during the decomposition of IIZ. Them=57 a.m.u. (C 2 H 3 NO + )
fragment is most likely produced when the weakest bonds C2-C4 bond and C6-O8 cleave (according to reaction (8) 
Conclusions
The fragmentation of L-threonine conformers in vacuum has been theoretically studied with the use of the DFT B3LYP method with the cc-pVTZ basis. The PCM method has been used to include the influence of water. Cations were selected based on the experimental mass spectrometry data in the NIST database [14] and the article by Farajmand and Bahrami [8] .
We determined that the fragments C 2 H 5 NO The results of our research with and without the influence of water indicate that the energy required to form fragments with the same molecular mass and chemical composition is different. More energy is needed for the formation of identical fragments in water.
Moreover, the results of our theoretical research show that the structures of some cations should be different in vacuum and in water.
Furthermore, the medium where fragmentation occurs can affect the reactions underlying the formation of fragments with an identical mass and identical chemical composition: in different mediums, the fragment formation processes can be different. 
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